Background: Nm23 gene was isolated as a metastatic suppressor gene. The antimetastatic effect of Nm23 has been an enigma for more than 10 years. Little is known about its molecular mechanisms. In this study we overexpressed Nm23-H1 in H7721 cells and observed reduction of cell adhesion, migration and extension of actin stress fibers in cells stimulated by fibronectin (Fn).
Introduction
Nonmetastatic protein 23 (Nm23) is a nucleoside diphosphate kinase that is conserved from bacteria to mammals [1] . Nm23 gene was isolated as a putative metastatic suppressor gene. Eight isotypes of the human NM23 gene (NM23-H1, NM23-H2, NM23-H3/DR-NM23, NM23-H4, NM23-H5, NM23-H6, NM23-H7, and NM23-H8) have been identified [2] . The nm23-H1 was firstly discovered in the members of this gene family [3] , and demonstrated to have anti-metastatic properties in various models of human and animal cancer [4] . The gene is located on chromosome 17 q 21, which encodes an 18.5 kDa protein containing 166 amino acid residues with nucleoside diphosphate kinase, histidine kinase and serine autophosphorylation activities [5] . It is known that in many tumors high levels of nm23-H1 correlate with low degree of invasiveness. In addition, transfection of cancer cells with Nm23-H1 cDNA decreases their metastatic potential. However, the mechanism by which Nm23-H1 suppresses tumor metastasis is still poorly understood.
Tumor metastasis involves adhesive and migratory events in addition to proteolytic degradation of ECM [6] , all of which require the continuous and coordinated formation and disassembly of adhesive structures. It involves stable attachment of a cell to the extracellular matrix at its leading edge which requires transmembrane receptors of the integrin family. Integrins are a superfamily, and each of its members is a heterodimer composed of two noncovalently associated different subunits (α and β). At least 14 α and 8 β subunits have been discovered. The sizes of the α subunits are varied between 120~180 kDa, and those of β subunits are between 90~110 kDa. Most integrins are expressed on the surface of a wide variety of cells, and most cells express several integrins [7] . For example, α5 β1 integrin is a typical receptor of Fn [8] on HepG2 and Hep3B hepatocarcinoma cell lines [9] . ECM-integrin interaction generates intracellular signaling, which induces focal adhesion, actin cytoskeleton formation, cell migration, cell growth, and expression of various genes. To achieve correct cellular function through cell-matrix interaction, the ligation and clustering of integrins with their ligands need to be regulated in a number of ways. One way is to modulate the expression levels of integrins on cell surface. Another is to regulate the activity of integrins. It has been indicated that stimulation of β1 integrin by matrix protein initiates intracellular signaling pathways in many types of cells [10] [11] [12] . One of the initial events triggered by stimulation of β1 integrin is the association of its cytoplasmic domain with FAK, a cytosolic non-receptor tyrosine kinase, which leads to the tyrosine phosphorylation and activation of FAK [13, 14] . Phosphorylated FAK is involved in the activation of many signal transduction molecules and affects several cellular biological behaviors [10, 11, 14] .
In this report, we have studied cell adhesion, spreading and migration, as well as phosphorylation of FAK to fibronectin matrix in H7721 cell line transfected with Nm23-H1 cDNA. Furthermore, the expression of α5 and β1 integrin subunits in H7721 cells was examined, in an attempt to elucidate the molecular mechanism of suppressive effect of Nm23-H1 on cell invasion.
Materials and methods

Antibodies and Reagents
The human hepatocarcinoma H7721 cell line was obtained from the Institute of Cell Biology, Academic Sinica of China. RPMI 1640 and Geneticin (G418) were purchased from Invitrogen. Monoclonal antibody (mAb) of mouse anti-human Nm23-H1 was from Neomarkers Company. Monoclonal antibodies against human integrin α5 and β1, β-actin, rabbit polyclonal antibodies to human FAK, and Protein G PLUS agarose were from Santa Cruz Biotechnology Inc. Phosphotyrosine antibody (PT66), FITC-conjugated second antibodies, Fn and FITC-labeled phalloidin were purchased from Sigma. PVDF membrane was from Bio-Rad. TRIzol and AMV reverse transcriptase were from Promega. Other reagents, including Taq DNA polymerase, RNAase inhibitor, dNTP, oligo (dT)-18, ECL reagent were commercially available in China.
Cell Culture, treatment and transfection
Cells were cultured at 37°C, 5% CO 2 in RPMI-1640 medium containing 10% fetal calf serum. When Tunicamycin was used, its concentration was 2 μg/ml and the incubation time was 48 h.
The pcDNA3/Nm23-H1 plasmid was a kind gift of Prof Huili Chen in our department, constructed by Guo et al as described [15] . H7721 cells were transfected with pcDNA3/Nm23-H1 using lipofectamine. Stable transfectants, designated Nm23/H7721, were established by selection in 800 μg/ml G418 and were analyzed for Nm23-H1 expression by RT-PCR and western-blotting. One single clone which expressed the highest Nm23-H1 was chosen in this study. Empty vector control cells (Mock/H7721; pcDNA3 only) were generated by the same transfection and selection processes.
Semiquantitative RT-PCR
Expression of nm23-H1, α5 and β1 mRNAs were determined by RT-PCR. The routine method of RT-PCR in our department was described previously [16] . Briefly, Total cell RNA was extracted with TRIzol and the complementary DNAs (cDNAs) were synthesized with oligo (dT)-18 primer and AMV reverse transcriptase from 3 μg total RNA. Then cDNA was amplified by Taq polymerase in 50 μl of reaction mixture containing 5 μl cDNA, 0.2 μM of the primer pair of nm23-H1, α5, β1 or β-actin (internal standard) according to the manual. From the 26th to 32nd cycle of PCR, 10 μl products were applied to agarose gel electrophoresis. The amplified DNA bands were scanned and the photographs were analyzed with NIH Image software. The semi-quantitative data were obtained by the intensity ratios of each PCR product to the β-actin. The primers of nm23-H1, α5, β1 and β-actin were synthesized by Sangon Company according to the reported sequences [17] [18] [19] nm23-H1 F: 5'-ATGGCCAACTGTGAGCGTACC-3'; R: 5'-CATG TATTTCACCAGGCCGGC-3'. The product was 204 bp α5 F: 5'-ACCAAGGCCCCAGCTCCATTAG -3'; R: 5'-GCCTCACACTGCAGGCTAAATG -3'. The product was 375 bp β1 F: 5'-AACTTGATCCCTAAGTCAGCAGTAG-3'; R: 5'-ATCAGCAGTAATGCAAGGCC -3'. The product was 1200 bp β-actin F: 5'-GATATCGCCGCGCTCGTCGTCGAC-3'; R: 5'-CAGGAAGGAAGGCTGGAAGAGTGC-3'. The product was 789 bp.
Western blot analysis
Briefly, cells were homogenized in 0.1 M 2-(N-morpholino) ethanesulfonic acid (MES) buffer (pH 6.5)/150 mM NaCl/2% TritonX-100/25% glycerol/0.1 mg% leupeptin and pepstatin, and then centrifuged at 1000 μg at 4°C for 15 min. After determination of protein concentration, aliquots of 50 μg of protein samples were subjected to 10% SDS-PAGE and western blot according to the modified method of Knudsen et al. [20] . The membranes were blocked with 5% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) overnight and treated with 1: 500 dilutions of different primary antibodies, followed by washing with 0.05% Tween-20/PBS for 3 times and incubation with 1: 500 dilution of HRP labeled secondary antibody for further 3 h. Then the membrane was washed again and stained with ECL reagent. β-actin was used as loading control and stained with 1: 800 dilution of primary antibody and 1: 500 dilution of HRP-labeled secondary antibody. Protein bands were quantified with densitometric analysis. Expression of each protein was calculated by the ratio of the intensity of this protein to that of β-actin.
Assay of cell adhesion to Fn
Cell adhesion experiment was carried out according to the methods described by Busk et al [21] . In brief, the wells of culture plate were coated with 0.1 ml of different concentrations of Fn. In addition, 1 mg/ml poly-L-lysine and 1% BSA were coated for 2 wells each as maximal and minimal adhesion controls respectively. The plate was incubated at 37°C for 1 h, and blocked by 1% BSA at 37°C for 0.5 h after washing. Cells (1 × 10 5 ) were added to each coated well and incubated for 2 h at 37°C, followed by staining with crystal violet after two washing, then the absorbance (Abs) at 595 nm was measured. Cell adhesion to the coated wells was calculated following a formula described in previous study [15] . The data were expressed as the mean of triplicate wells.
Immunofluorescence Staining of Actin Filaments
Glass coverslips were coated with fibronectin as described above. Cells were plated onto the coverslips in 35-mm dishes and cultured for 24 h. Then they were fixed with 3.7% paraformaldehyde in PBS for 10 min and permeabilized with 0.5% Triton X-100 and 4% paraformaldehyde in PBS for 5 min. Actin filaments were stained with FITC-labeled phalloidin.
Wound-induced Migration Assays
Wound-induced migration assay was performed as described elsewhere [22] . Cells (2 × 10 5 cells/well) were plated onto 12-well plastic plates coated with Fn (10 μg/ ml) and cultured for 24 h. Then, subconfluent monolayers of the cells were scraped with a plastic pipette tip and washed with Hanks' solution twice, and the medium was replaced with serum-free RPMI-1640. The distance between migrating cell fronts was measured at 0 and 6 h after scraping.
Detection of integrin subunits on cell surface by flow cytometry
Detection of cell surface integrin subunits was performed according to the method reported by Zhou et al [23] . Cells were dispersed in 2 mM EDTA in PBS and washed twice in PBS. Then 1 μ10 6 cells were incubated with monoclonal antibodies against α5 or β1 integrin subunits at a dilution of 1:100 in blocking buffer (1% BSA in PBS) for 45 min at 4°C. The cells were washed twice in blocking buffer, mixed with a 1:100 dilution of FITC-labeled goat anti-mouse IgG in blocking buffer, incubated for 30 min at 4°C, then the cells were washed again with PBS, suspended in 0.5 ml PBS and subjected to flow cytometry for fluorescence analysis. Integrin expression was determined to be the percentage of FITC-positive cells. The gate setting was determined by fluorescence intensity of the same cells stained with FITC-conjugated secondary antibody only.
Determination of FAK autophosphorylation
Cells were plated onto culture dishes coated with 10 μg/ ml fibronectin. Three hours after plating, the cells were washed twice with ice cold PBS, and the monolayer cells were lysed in 200 μl lysis buffer(50 mM pH7.4 HEPES/ 150 mM NaCl/100 mM NaF/1 mM MgCl2/1.5 mM EGTA/1% Nonidet P-40/10 μg/ml leupeptin and pepstatin, 1 mM PMSF). Cell lysate containing 500 μg protein (determined by Lowry's method) was incubated with 2 μg monoclonal antibody specific for FAK at 4°C for 1 h. Then 20 μl Protein G PLUS agarose suspension was added, and the sample was further incubated at 4°C for 3 h to immuno-precipitate FAK. Immuno-precipitated FAK was divided into two parts and subjected to 8% SDS-PAGE and western blot as described above. The membranes were probed with 1:1000 dilution of mouse monoclonal phosphotyrosine antibody (PT66) or 1: 500 dilution of FAK antibody, followed by incubation with 1: 500 dilution of HRP labeled second antibody. The color was developed with ECL reagent. The tyrosine phosphorylation (Tyr p) of FAK was calculated from the ratio of staining intensity of Tyr p to that of FAK.
Statistical analysis
Values were expressed as mean ± SD. Statistical significance was determined with SPSS 10.0. Results were evaluated by Student's t tests. P < 0.05 and p < 0.01 were considered statistically significant and very significant respectively.
Result
Characterization of Nm23-H1 transfected cells
Expression of Nm23-H1 was monitored by RT-PCR and western blot. In Nm23-H1 transfected cells, mRNA level of nm23-H1 was increased significantly when compared with that in mock-transfected cells. The ratio of nm23-H1 mRNA in Mock/H7721 to that in Nm23/H7721 was 1:2.94 ± 0.58 (p < 0.01). Meanwhile, the expression level of nm23-H1 between mock and wild H7721 cells showed no significant difference (Fig 1A) . The western blot result was similar to that of RT-PCR with a ratio of Nm23/ H7721 over Mock/H7721 Nm23-H1 level of 2.16 ± 0.37 (p < 0.01) (Fig 1B) . These data indicates a successful transfection of H7721 cells with Nm23-H1.
Alteration of cell adhesion, cytoskeleton formation and migration in cells transfected with nm23-H1 cDNA
Adhesion of mock and Nm23-H1 transfected cells to Fn was Fn concentration-dependent. However, the adhesion of the Nm23-H1 transfected cells to Fn was decreased in all concentrations tested as compared with the mocked cells tranfected with pcDNA3 vector (p < 0.05) (Fig. 2A) .
Actin filaments were visualized with FITC-labeled phalloidin staining 24 hrs after cells being plated onto dishes coated with fibronectin. Fig. 2B showed mocktransfected cells formed well-developed actin stress fibers in ordered, compact and clear-cut structure with undisturbed edges. In contrast, Nm23-H1 transfected cells was disturbed and failed to form a complete cytoskeleton on fibronectin-coated dish.
As shown in Fig. 2C , cell migration was also decreased in Nm23-H1 transfected cells when compared with the mock-transfected cells (p < 0.01).
Taken together, these results are consistent with the conclusion that increased Nm23-H1 expression changed cell adhesion and migration to Fn.
Effect of Nm23-H1 on expressions of integrin subunits on cell surface
Given overexpression of Nm23-H1 impaired cell binding to Fn, it was important to determine if cell surface α5β1 integrin levels were altered. Fig 3A,B showed that the expression of β1 integrin subunit was down regulated to 39.6 ± 5.1% of the "Mock" level in Nm23/H7721 cells (p < 0.01). However, the expression of α5 subunit was unaltered on Nm23/H7721 cells compared with the Mock/ H7721 cells. 
Expression of integrin subunit mRNAs in cells transfected with Nm23-H1
Surface expression of integrin subunits was mainly regulated at transcriptional and post-transcriptional levels. In order to elucidate the mechanism of how Nm23-H1 regulates the expression of cell surface integrin subunits, we determined the mRNA levels of integrin subunits by RT-PCR. We found that mRNA levels of α5 and β1 subunit were not changed in Nm23/H7721 cells (Fig. 4) . This data suggested that the decrease of cell surface integrin β1 subunit was not affected by transcriptional regulation.
Altered glycosylation integrin subunit in cells transfected with Nm23-H1
To further study whether the decrease of integrin β1 subunits on cell surface was due to post-transcriptional regulation, we compared the total expression level of cellular β1 subunit by western blotting. As previously reported, two bands are typically observed in western blots of β1 integrin [24] , namely a 115 kD partially glycosylated precursor and a 130 kD fully glycosylated mature form. It was very interesting to find that the total amount of β1 subunit was also unaltered in Nm23/H7721 cells, but the ratio of mature to precursor integrin isoforms was decreased significantly, being 1:1.21 ± 0.39 in Nm23/ H7721 cells compared with 1:0.33 ± 0.12 in Mock cells (Fig 5A) . This result suggested that overexpression of Nm23-H1 did not change total expression levels of β1 integrin. Instead, Nm23-H1 modulated the posttranslational processing of β1 integrin.
To further demonstrate that the alterated expression of mature β1 subunit was due to aberrant glycosylation, rather than other post-transcriptional regulation, we treated the cells with tunicamycin, an N-glycosylation inhibitor, and observed the deglycosylated form of β1 subunit. As shown in Fig. 5B , both Nm23/H7721 and Mock/H7721 cells only showed one band of about 90 kD crossed with intergrin β1 subunit antibody. Their size corresponded to the completely deglycosylated core peptide of the β1 subunit and their levels were almost equal. So these results indicated that the reduction of cell surface integrin β1 subunits in cells transfected with Nm23-H1 might be due to the changes of glycosylation.
Effect of Nm23-H1 overexpression on the phosphorylation of FAK
FAK is associated with the intracellular domain of integrin β subunit and involved in signaling transduction for Fig.1 . The experiment procedure was described in the "Methods".
cell adhesion and migration [25] . We tested whether Nm23-H1 overexpression affected phosphorylation of FAK on cells stimulated with fibronectin. As shown in Fig. 6 , tyrosine autophosphorylation of FAK in Nm23-H1 transfected cells was decreased to 32.2 ± 6.4% (p < 0.01) compared with Mock cells.
Discussion
Metastasis suppressor genes have contributed to our understanding of the metastasis process. They represent valuable therapeutic targets. Most evidences of metastasis suppressive activity were shown by transfection experiments using tumor cell line in which a low/midexpressing metastasis suppressive gene is overexperessed. To date, seven metastasis suppressor genes have been confirmed--nm23, Kiss 1, Kail, Brms1, E-cadherin, Maspin, and MKK4 [26] . The antimetastatic effect of Nm23 has been an enigma for more than 10 years, but little is known about the molecular mechanisms underlying its role in cell physiology. A number of described data suggest that Nm23 directly and/or indirectly interferes with cell/extracellular matrix machinery [27] .
Previous studies suggested that hepatocarcinomaderived cells could be good models for the study of the molecular mechanisms involved in nm23 action [28] . To investigate the role of Nm23-H1 in tumor metastasis suppression and its possible mechanism, we established Nm23-H1 overexpressed hepatocarcinoma H7721 cell lines to determine their biological characteristics. In present study, we demonstrated that the overexpression of nm23-H1 in H7721 cells induced a marked decrease in cell's adhesive capacity, reorganization of actin stress fibers and motility on dishes coated with fibronectin. These findings were in agreement with the results that nm23-H1 had an inhibitory effect on cell migration.
As described before, α5β1 integrin is a typical receptor of Fn. Our data showed that expression of surface β1 integrin was downregulated in Nm23/H7721 cells, while the α5 integrin was unchanged. These results suggested that the ability of metastasis suppression by nm23-H1 might be partially due to the lower expression of β1 integrin. It was reported that the expression of β1 integrin was upregulated after transfection with a plasmid encoding DR-nm23 isoform in neuroblastoma cells, and this was correlated with an increase in cell adhesion on collagen type I [29] . By contrast, our results showed that the effect of nm23-H1 on the expression level of β1 integrin and the roles of β1 integrin has either a facilitatory or an inhibitory effect on cell migration. This discrepancy may be due to the different cell lines and ECM components used in these studies.
Furthermore, we have investigated the potential mechanism of reduced surface expression of integrin β1 subunit in Nm23-H1 overexpressing cells. Initially we speculated the changes of integrin β1 expression on cell surface were due to the regulation of gene transcriptional level by Nm23-H1. Nm23-H1 is a versatile kinase that can phosphorylate nucleoside diphosphate molecules and histidine residues on target proteins as well as autophosphorylate itself on at least two specific serine residues [30] . Given their characteristically broad substrate specificities, they can alter expression of many downstream genes [31, 32] . It was surprising to find that expression of Fig.1 . The experiment procedure was described in the "Methods". Three independent experiments of A and B were performed and the results were reproducible. β1 integrin mRNA level was unaltered in Nm23/H7721 cells. This data suggested that the reduction of integrin β1 expression on cell surface was probably due to posttranscriptional mechanism.
Protein glycosylation is an important event for posttranscriptional regulation that contributes to protein maturity. Integrin β1 subunit is a transmembrane glycoprotein. Intriguingly, the β1 integrin may be well positioned for regulation by glycosylation. Unlike other integrin subunits, partially glycosylated β1 integrin precursors also form a stable pool within the endoplasmic reticulum [33] [34] [35] [36] . The cell, therefore, may be able to direct the expression of a variant glycosylated species by recruiting precursors from the ER.
How the β1 integrin traffics from ER to Golgi is still unclear. However, this transition indicates a potential target for regulation of β1 integrin expression on cell surface. Our findings in Fig 5A showed that total amount of β1 subunit in Nm23/H7721 cells did not change, which was consistent with the results obtained by RT-PCR. But, the level of mature integrin isoform was decreased significantly, while the level of partially glycosylated precursor was increased. It suggests that the expression of Nm23-H1 affects the glycosylation of integrin β1 precursor and the altered glycosylation of integrin β1 may contribute to the loss of cell surface integrin β1 in Nm23/H7721 cells. In previous studies by others, it was demonstrated that Nm23-H1 could down regulate the transcription of many glycosyltransferase genes, including GnT-V, α1,3FucTs and ST3Gals and that they were correlated with antimetastasis effect in tumor cells [15, 37] . Accumulating evidence indicates that β1 integrin is an important target for GnT-V and ST6Gal. Therefore, it may be concluded that transfection of Nm23-H1 cDNA down regulates some key glycosyltransferase genes and then interferes the protein post-translational modification. In consequence, the glycosylation of β1 integrin precursor is impaired, leading to the loss of cell surface β1 integrin. However, the detailed mechanisms need to be further investigated. The mechanisms of regulating integrinstimulated cell migration are very complex and the activation of tyrosine kinases plays an important role in these events [4] . Emerging evidence supports the important role of FAK PTK in these processes. FAK activation has been linked to integrin clustering and is considered as a critical step in the initiation of cell migration. In cultured cells, overexpression of FAK can increase Fn-stimulated cell motility and this activity depends upon the integrity of the FAK Tyr-397 autophosphorylation site [38, 39] . Our result showed that Nm23-H1 seemed to have no effect on the expression of FAK in H7721 cells, while it decreased the tyrosine phosphorylation of FAK, an important event in integrin-mediated signaling.
Together, our results suggested that overexpression of Nm23-H1 in H7721 cells interfered the expression of some glycosyltransferases, impaired glycosylation of β1 integrin precursor, and in turn down-regulated integrin β1 expression on cell surface, resulting in the reduction of cells interacted with fibronectin, which abrogated intracellular signals that mediate focal adhesion, actin cytoskeleton formation and cell migration. It is the first evidence that links nm23-H1 to the glycosylation of integrin β1, which is interesting for further study.
